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BACKGROUND OF THE INVENTION 

Field of the Invention: 

10 This invention relates generally to interventional medical devices, 

and more particularly concerns a heating catheter having variable stiffness for 
enhanced performance of the catheter shaft when used with or without a guide 
catheter, as a part of a therapeutic system or for delivery of medical devices. 

1 5 Description of Related Art: 

Conventional minimally invasive catheter based therapies typically 
require guide wires that are one to two meters long extending through a 
longitudinal lumen in the catheter, and that are torqueable and pushable at the 

20 proximal end, yet soft and flexible at the distal end. Many such guidewires are 

made of stainless steel or the like, and are ground to tapers which provide the 
desired bending properties along the guidewire. Recently, numerous minimally 
invasive sensing and actuation procedures have been developed which benefit 
from the qualities of fiber optics to deliver optical light or power to the distal 

25 tip of the fiber optic. However, conventional fiber optic technology has -not 

been easily adaptable to such applications, particularly when the fiber optic 
must also act as a guidewire, either within a catheter or as a stand-alone device, 
since fiber optics, when used alone, are not very torqueable, pushable or 
resilient when compared to guide wires made from a variety of other, more 
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rigid, materials. Also, small diameter fiber optics are quite "floppy", while 
larger diameter fibers can be too stiff to maneuver through sharp bends, and the 
use of fiber optics as guidewires or pushers within catheters can thus be 
difficult and quite technique sensitive. 
5 An abdominoscope is known that includes a tubular sheath having 

a series of strips separated by longitudinal slots, and an elongate, steerable, 
flexible medical implement is also known that has a tubular body with a 
controllable steering region formed from flexible steering ribbons made of 
flexible materials, such as Nitinol, spring steel, nylon, or other plastic material. 

10 In addition, a steerable medical probe is also known that has a torque tube with 

spaced apart slots to impart additional flexibility to the torque tube, with a thin- 
walled connecting portion serving as a rib or backbone. However, there 
remains a need for a way of creating variable stiffness along a heating catheter, 
other than a fiber optic for example, without a decrease in the torquability and 

15 pushability of the heating catheter shaft. 

It would also be desirable to provide a heating catheter shaft with 
variable stif&iess to allow such heating catheters to be more pushable at the 
proximal end and more trackable at the distal end, and to make the use of 
heating catheters in catheter-based therapies more straightforward and less 

20 technique sensitive. The present invention addresses these and numerous other 

needs. 

SUMMARY OF THE INVENTION 

25 Briefly, and in general terms, the present invention provides for a 

variable stiffness heating catheter shaft formed from a heating catheter and a 
reinforcing tube over at least a portion of the heating catheter, with apertures 
being formed around the surface of the reinforcing tube and extending in a 
direction between the proximal and distal ends of the heating catheter, to 
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provide variable stiffness to the heating catheter shaft. Typically, such a 
heating catheter shaft can be formed from one or more electrically conductive 
members or the like w^hich alone have physical characteristics that are 
undesirable for guidewires or pusher devices. By use of the invention, a 
5 variable stiffness heating catheter shaft can be made which is more pushable 

at the proximal end and more trackable at the distal end, with the capability to 
provide a wide range of predictable variations in stiffness and other structural 
parameters over the length of the shaft. A variable stiffness heating catheter 
constructed according to the invention can be used in conjunction with a guide 

10 catheter or as a flow directed, stand alone catheter. 

By using the construction according to the invention, coating or heat 
shrinking a heat shrinkable material on the outside diameter of the heating 
catheter shaft will improve tracking of the device, and a taper can also be 
ground onto the heating catheter shaft to yield a shaft with a stiffer, more 

15 manageable, proximal end and a softer, more maneuverable, distal tip. The 

variable stiffness heating catheter advantageously can also thus be constructed 
from a minimum number of components, with the apertures in the reinforcing 
tube eliminating the need for a braid or transitional sections from the stiffer 
proximal zone to the softer distal zone. 

20 The invention accordingly provides in a presently preferred 

embodiment for a variable stiffness heating catheter for use in vascular 
interventional therapy, such as for use within a tortuous, small diameter vessel 
such as those found in the vasculature of the brain. The variable stiffness 
heating catheter comprises at least one electrically conductive member having 

25 a proximal end and a distal end, a reinforcing tube attached to the at least one 

electrically conductive member, with the at least one electrically conductive 
member extending through the reinforcing tube, and the reinforcing tube 
having a surface defining a plurality of apertures extending in a direction 
between said proximal and distal ends of said heating catheter, and at least one 



# m 

4 



coaxial outer layer of a polymer, metal, or both provided over at least a portion 
of the reinforcing tube and the at least one electrically conductive member, for 
providing desired variations in stiffness along at least a portion of the length 
of the shaft. In a presently preferred embodiment, the one or more electrically 
5 conductive members can be a pair of such electrically conductive wires. The 

reinforcing tube is preferably a metal tube, such as a hypo tube, and can be 
formed of stainless steel or an alloy of nickel and titanium, for example. 

In one presently preferred embodiment, the apertures can be formed 
as longitudinal, axial slits, slots, channels, or grooves in the surface of the 

10 reinforcing tube, and in an alternate preferred embodiment, the apertures can 

be formed as helical or radial slits, slots, channels, or grooves in the surface of 
the reinforcing tube, providing variable stiffness to the heating catheter. The 
outer surface of the reinforcing tube can also be formed to be tapered at the 
point v^here the apertures are formed in the reinforcing tube, particularly at a 

15 distal portion of the heating catheter, to provide a heating catheter that is 

torqueable and pushable at the proximal end, yet soft and flexible at the distal 
end. Alternatively, the apertures can be formed transversely in the surface of 
the reinforcing tube in an area where such a configuration will produce desired 
results. 

20 The one or more coaxial layers can be formed of heat shrink 

polymeric material, such as polyethylene, polytetrafluoroethylene (PTFE) 
polyethylene terephthalate (PET), polyetherethylketone (PEEK), 
polyphenylenesulfide (PPS), or any of a variety of other polymers which can 
be fabricated into a structure and necked or shmnk over a shaft, or can be 

25 formed of metal. While the invention can effectively use tubes which are 

placed over the exterior of the heating catheter shaft and then heat shrunk or 
bonded by adhesive to the heating catheter shaft, it is also contemplated that 
the heating catheter shaft can be reinforced by other longitudinally extending 
additional structures with varying cross sections for certain specific 
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applications. 

The heat shrink tubing is placed on the heating catheter shaft, and 
then heat can be applied to the heat shrink tubing, resulting in shrinkage of the 
heat shrink tubing to encapsulate the heating catheter shaft. The structure 
5 formed by the apertures in the surface of the reinforcing tube, in combination 

with the distal taper of the reinforcing tube and outer coaxial sheath, allows the 
proximal part of the composite shaft to be relatively stiff, and the distal tip to 
be flexible and soft. A variety of other techniques can be used within the scope 
of the invention to accomplish the variable stiffness of the heating catheter. 
10 These and other aspects and advantages of the invention will 

become apparent from the following detailed description and the 
^ accompanying drawings, which illustrate by way of example the features of the 

11 invention. 

'f' 15 BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 A is a schematic view of a first preferred embodiment of a 
variable stiffness heating catheter according to the invention. 

Figure IB is a schematic view of a second preferred embodiment of 
20 a variable stiffness heating catheter according to the invention. 

Figure IC is a sectional view of a variant of the first preferred 
embodiment of the catheter shaft of Figure 1 A illustrating a pair of electrically 
conductive members. 

Figure ID is a sectional view of a variant of the second preferred 
25 embodiment of catheter shaft of Figure IB illustrating a pair of electrically 

conductive members. 

Figure 2A is a schematic view of a third preferred embodiment of 
a variable stiffness heating catheter according to the invention. 

Figure 2B is a schematic view of fourth preferred embodiment of 



6 



a variable stiffness heating catheter according to the invention. 

Figure 2C is a sectional view of a variant of the third preferred 
embodiment of the catheter shaft of Figure 2 A illustrating a pair of electrically 
conductive members. 
5 Figure 2D is a sectional view of a variant of the fourth preferred 

embodiment of catheter shaft of Figure 2B illustrating a pair of electrically 
conductive members. 

Figure 3 A is a schematic view of a fifth preferred embodiment of 
a variable stiffness heating catheter according to the invention. 
10 Figure 3B is a schematic view of a sixth preferred embodiment of 

a variable stiffness heating catheter according to the invention. 

Figure 3C is a schematic view of a seventh preferred embodiment 
of a variable stif&iess heating catheter according to the invention. 

Figure 3D is a sectional view of a variant of the fifth preferred 
1 5 embodiment of the catheter shaft of Figure 3 A illustrating a pair of electrically 

conductive members. 

Figure 3E is a sectional view of a variant of the sixth preferred 
embodiment of catheter shaft of Figure 3B illustrating a pair of electrically 
conductive members. 

20 Figure 3F is a sectional view of a variant of the seventh preferred 

embodiment of catheter shaft of Figure 3C illustrating a pair of electrically 

conductive members. 

Figure 4 A is a schematic view of an eighth preferred embodiment 

of a variable stiffness optical shaft according to the invention. 
25 Figure 43 is a schematic view of a ninth preferred embodiment of 

a variable stiffness optical shaft according to the invention. 

Figure 4C is a sectional view of a variant of the eighth preferred 

embodiment of catheter shaft of Figure 4A illustrating a pair of electrically 

conductive members. 
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Figure 4D is a sectional view of a variant of the ninth preferred 
embodiment of catheter shaft of Figure 4B illustrating a pair of electrically 
conductive members. 

5 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Modem interventional medical procedures have relied on ever 
smaller and more flexible devices to reach areas requiring treatment which 
were previously inaccessible to conventional devices, such as by the placement 

10 of vasoocclusive devices in tiny areas of damaged vasculature such as 

aneurysms or ruptures in arteries in the brain. Some devices to treat such areas 
use optical fibers to carry light energy to remote locations at the distal end of 
the heating catheter, but certain limitations have been found in currently 
available optical fibers for those purposes. 

1 5 For example, conventional heating catheter technology has not been 

easily adaptable to catheter based imaging, treatments such as "thrombolyzing" 
blood or cutting tissue, or to the delivery of therapeutic agents, such as timed 
release agents, or embolics, since optical fibers, when used as a stand alone 
structural device, are not very torqueable, pushable or resilient. Small diameter 

20 optical fibers of the type most useful for such therapies frequently can become 

too floppy, while larger diameter fibers can be too stiff to maneuver through 
sharp bends, and for these reasons, the use of optical fibers as stand alone 
guidewires or catheters can be difficult and technique sensitive. Also, since 
there are practical limits to the diameter of the fiber for specific applications, 

25 the use of reinforced guide catheters with longitudinal lumens through which 

the heating catheter passes can place important restrictions on how small such 
an assembly can be. Further, if the heating catheter is . tO-be-used with bot h a 
guidewire and a guiding catheter, there are limits imposed on the techniques 
that can be employed because of the necessarily larger diameter of such an 
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assembly to accommodate the requirements of the two different shafts within 
the catheter. 

As is illustrated in the drawings, which are provided for the 
purposes of illustration and not by way of limitation, one preferred 
5 embodiment of the invention illustrated in Figures lA to 2D provides for a 

variable stiffness heating catheter 1 0 that comprises at least one electrically 
conductive member >.12_having a proximal end 14 and a resistive heating 
element (not shown) connected to the one or more electrically conductive 
members at a distal end 16. The at least one electrically conductive member 

10 12 is surrounded by a reinforcing tube 1 8, such as a metal tube, which can for 

example be a stainless steel hypo tube, although the reinforcing tube may also 
be formed of a nickel titanium alloy, such as NITINOL. The reinforcing tube 
can be cylindrical as shown in Figure 1 , or may be tapered along its length, 
either in steps or continuously in order to provide a desired stiffness and 

15 pushability. In one presently preferred embodiment, the reinforcing tube is 

advantageously provided with a plurality of longitudinal, axially oriented 
apertures, such as slits, slots, channels, or grooves 20 formed around the 
surface of a portion of the reinforcing tube to provide a heating catheter that 
is torqueable and pushable at the proximal end, yet soft and flexible at the 

20 distal end. As is illustrated in Figure 1 A, the apertures can be formed in the 

surface of the reinforcing tube, such as by laser cutting, for example, and allow 
the reinforcing tube to have the same diameter, or a tapering diameter, with 
variable stiffiiess. In a presently preferred alternate embodiment illustrated in 
Figure IB, in which like elements are designated with like reference numerals, 

25 the apertures can be formed as groups 20' of round holes 21, arranged so as to 

be longitudinal, and axially oriented around the surface of a portion of the 
reinforcing tube, so as to provide a heating catheter that is torqueable and 
pushable at the proximal end, yet soft and flexible at the distal end. As is 
illustrated in Figures IC and ID, the one or more electrically conductive 
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members can be a pair of such electrically conductive wires 12\ for example. 

Altematively, as is illustrated in Figure 2 A, in which like elements 
are designated with like reference numerals, the apertures can be formed in the 
5 surface of the reinforcing tube by grinding. In another presently preferred 

aspect illustrated in Figure 2A, the outer surface of the reinforcing tube can 
also be formed to have a taper 22 at the point where the apertures are formed 
in the reinforcing tube, such as by grinding or laser cutting, particularly at a 
distal portion of the heating catheter, to provide a heating catheter that is 

10 torqueable and pushable at the proximal end, yet soft and flexible at the distal 

end. In a presently preferred alternate embodiment illustrated in Figure 2B, in 
which like elements are designated with like reference numerals, the apertures 
can be formed as groups 20' of round holes 21, such as by laser cutting, at a 
distal portion of the heating catheter, to provide a heating catheter that is 

1 5 torqueable and pushable at the proximal end, yet soft and flexible at the distal 

end. As is illustrated in Figures 2C and 2D, the one or more electrically 
conductive members can be a pair of such electrically conductive wires 1 2\ for 
example. 

Referring to Figures lA, IB, IC, ID, 2A, 2B, 2C and 2D, in a 
20 currently preferred embodiment, at least one coaxial outer covering or sheath 

24 is also provided over at least a portion of the heating catheter and 
reinforcing tube, for providing desired variations in stiffness along at least a 
portion of the length of the shaft. Such an outer sheath is currently preferably 
a heat shrink polymer, such as polyethylene, PTFE, PEEK, PET or PPS, for 
25 example, although other similar heat shrink polymers may also be suitable. 

Altematively, the outer sheath can be a metal tube, such as a metal tube formed 
from a nickel titanium alloy, for example, that can be bonded adhesively over 
the outer surface of the heating catheter, such as by cyanoacrylate adhesive. 
Altematively, where the reinforcing tube is sufficient to provide the desired 
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variable stiffness characteristics to the heating catheter, the outer sheath may 
be omitted. 

In another presently preferred embodiment, illustrated in Figure 3 A, 
a variable stiffness heating catheter 30 is provided that comprises at least one 
5 electrically conductive member 32 having a proximal end 34 and a resistive 

heating element (not shown) connected to the one or more electrically 
conductive members at a distal end 36. The at least one electrically conductive 
member 32 is surrounded by a reinforcing tube 38, such as a metal tube, which 
can for example be a stainless steel hypo tube, although the reinforcing tube 

10 may also be formed of a nickel titanium alloy, such as NITINOL. The 
reinforcing tube can be cylindrical as shown in Figure 1 A and IB, or may be 
tapered along its length, either in steps or continuously in order to provide a 
desired stiffiiess and pushability. At least one coaxial outer covering of sheath 
24 is also provided over at least a portion of the at least one electrically 

1 5 conductive member and reinforcing tube, as discussed above. In one presently 

preferred embodiment, the reinforcing tube is advantageously provided with 
a plurality of helically arranged apertures 40 formed as slits, channels or 
grooves around the surface of a portion of the reinforcing tube to provide a 
heating catheter that is torqueable and pushable at the proximal end, yet soft 

20 and flexible at the distal end. Altematively, the apertures may be radially 

arranged apertures formed as slits, channels or grooves. 

In another presently preferred embodiment, illustrated in Figure 3B, 
the apertures 40' can be axially oriented, helically arranged apertures formed 
as slits, channels or grooves. The apertures can be formed in the surface of the 

25 reinforcing tube by grinding or laser cutting, and allow the heating catheter to 

have a constant diameter, or a tapering diameter, from the proximal to the distal 
end of the shaft. In a presently preferred alternate embodiment illustrated in 
Figure 3C, in which like elements are designated with like reference numerals, 
the apertures can be arranged in a pattern of a varying density, such as in a 
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gradient, of round holes 41, which can be formed such as by laser cutting, 
helically arranged so as to provide a heating catheter that is torqueable and 
pushable at the proximal end, yet soft and flexible at the distal end. In another 
presently preferred aspect, the outer surface of the reinforcing tube can also be 
5 formed to have a taper (not shown) at the point where the helical apertures are 

formed in the reinforcing tube, such as by grinding or laser cutting, particularly 
at a distal portion of the reinforcing tube, to provide a heating catheter that is 
torqueable and pushable at the proximal end, yet soft and flexible at the distal 
end. As is illustrated in Figures 3D, 3E and 3F, the one or more electrically 
1 0 conductive members can be a pair of such electrically conductive wires 32', for 

example. 

In a further aspect of the invention illustrated in Figure 4 A, in which 
like elements are designated with like reference numerals, all or a portion of 
the shaft 42 can be formed with alternating laterally arranged apertures or cuts, 

15 slits, channels or grooves 44, 46 in the reinforcement tube to produce a 

composite shaft that has desired flexibility in a specific area of the shaft. Such 
a configuration can include variable width and depth of the apertures 44, 46 in 
order to vary the flexibility, torqueability and pushability of the shaft. In a 
presently preferred alternate embodiment illustrated in Fig. 4B, in which like 

20 elements are designated with like reference numerals, the laterally arranged 

apertures can be formed as groups 44*, 46' of round apertures 47, formed such 
as by laser cutting, for example. As is illustrated in Figures 4C and 4D, the one 
or more electrically conductive members can be a pair of such electrically 
conductive wires 32*, for example. 

25 As described above, at least one coaxial outer covering or sheath 24 

is also provided over at least a portion of the heating catheter and the 
reinforcing tube, for providing desired variations in stiffness along at least a 
portion of the length of the shaft. Such an outer sheath is currently preferably 
a heat shrink polymer, such as polyethylene, PTFE, PEEK, PET or PPS, for 
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example, although other similar heat shrink polymers may also be suitable. 
Alternatively, the outer sheath can be a metal tube, such as a metal tube formed 
from a nickel titanium alloy, for example, that can be bonded adhesively over 
the outer surface of the heating catheter, such as by cyanoacrylate adhesive. 
5 The one or more coaxial layers can be formed of heat shrink 

polymeric material, such as polyethylene, polytetrafluoroethylene (PTFE) 
polyethylene terephthalate (PET), polyetherethylketone (PEEK, also known as 
polyaryletherketone), polyphenylenesulfide (PPS), or any of a variety of other 
polymers which can be fabricated into a structure and necked or shrunk over 

10 a shaft, or can be formed of metal. While the invention can effectively use 

tubes which are placed over the exterior of the heating catheter shaft and then 
heat shrunk or bonded by adhesive to the heating catheter shaft, it is also 
contemplated that the shaft can be reinforced by other longitudinally extending 
additional structures with varying cross sections for certain specific 

15 applications. 

The heat shrink tubing is placed on the heating catheter shaft, and 
then heat can be applied to the heat shrink tubing, resulting in shrinkage of the 
heat shrink tubing to encapsulate the heating catheter shaft. The structure 
formed by the apertures in the surface of the reinforcing tube, in combination 

20 with the distal taper of the reinforcing tube and outer coaxial sheath, allows the 

proximal part of the composite shaft to be relatively stiff, and the distal tip to 
be flexible and soft. A variety of other techniques can be used within the scope 
of the invention to accomplish the variable stiffness of the heating catheter 
shaft. 

25 For neurovascular use, the overall length of a heating catheter 

pusher can be, for example, from 1 GO to 300 cm, with the outer diameter being 
less than about 1 French (0,0135 inch). For peripheral use, the overall length 
of the catheter can be, for example, from 100 to 300 cm, with the outer 
diameter of the distal 25 to 45 cm being less than about 5 French (0.063 inch). 
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and the outer diameter of the proximal 100 cm being less than about 6 French 
(0.075 inch). For cardiovascular use, the overall length of the catheter can be, 
for example, from 150 to 175 cm, with the outer diameter of the distal 25 cm 
being less than about 3 French (0.038 inch), and the outer diameter of the 
5 proximal 100 cm being less than about 4 French (0.050 inch). These 

dimensions are approximate, and in practical terms, depend upon sizes of 
shrink tubing that are commercially available. 

In practice, heating catheter shafts used for micro-coil delivery and 
the like are approximately 0.003 to approximately 0.014 inches in diameter, 

10 with the outer buffer comprising a layer of approximately 0.0005 to 0.002 
inches in thickness of a polymer over a thin layer of cladding used to limit the 
dissipation of light out of the shaft. In one presently preferred embodiment, the 
outer buffer can be centerless ground to provide a variable thickness 
characteristic and the heating catheter shaft can be manufactured with a thicker 

15 than normal buffer to facilitate grinding of the buffer to provide a desired 

bending stiffiiess either with or without additional layers of stiffening polymers 
over the outer surface of the heating catheter shaft. 

In one example of the method of manufacturing the variable 
stiffiiess heating catheter of the invention, the shaft can be assembled by 

20 sliding and centering a polyethylene coaxial heat shrink tube, which can be, for 

example, 200 cm in length, over a heating catheter, which can be, for example, 
205 cm long. The ends of the heating catheter are then clamped, and tension 
is applied to keep the heating catheter taut. The proximal end of the 
polyethylene heat shrink tube is placed into the working area of a heat gun, 

25 although other means of controUably heating the heat shrink polymeric sheath 

may be used. The temperature of the polyethylene heat shrink tube is heated 
to approximately 650 F, and the rest of the heat shrink tube is heated by sliding 
the heat gun along the axis of the heat shrink tube at about three inches per 
second, for example, until the heat gun has traveled the length of the polymeric 
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material and the polyethylene has encapsulated the heating catheter shaft. This 
method is repeated for 150 cm and 100 cm lengths of polymeric tubing, and 
any further heat shrink tubing to be used for varying the stiffness of the heating 
catheter, until the outside diameter of the shaft is built up to the desired 
5 dimensions to yield the desired degrees of stiffness. 

Those skilled in the art will recognize that a variety of polymers, 
including those filled with reinforcing fibers or other material may be used to 
reinforce a heating catheter so that it can be more effectively used as a pusher 
within a catheter lumen or as a free therapeutic member. For example, the 

10 characteristics of the materials to be used may be optimized by use of abutting 
adjacent covers of different materials against one another longitudinally in end 
to end fashion to thus provide a constant outer diameter. In such a 
construction, the outer sheath is joined by heat and/or pressure or adhering 
bonded sections surrounding specific portions of the heating catheter, to 

15 provide a smooth overall exterior to the finished composite shaft. 

It will be apparent from the foregoing that while particular forms of 
the invention have been illustrated and described, various modifications can be 
made without departing from the spirit and scope of the invention. For 
example, some of the various techniques of the invention can be 

20 advantageously combined for certain applications, while others are effectively 

met by only one aspect of the embodiments discussed. Accordingly, it is not 
intended that the invention be limited, except as by the appended claims. 



